This paper reviews the role of toxicological studies in understanding the health effects of environmental exposures to mixtures. The approach taken is to review mixtures that have received the greatest emphasis from toxicology; major mixtures research programs; the toxicologist's view of mixtures and approaches to their study; and the complementary roles of toxicological, clinical, and epidemiological studies. Studies of tobacco smoke, engine exhaust, combustion products, and air pollutants comprise most of the past research on mixtures. Because of their great experimental control over subjects, exposures, and endpoints, toxicologists tend to consider a wider range of toxic interactions among mixture components and sequential exposures than is practical for human studies. The three fundamental experimental approaches used by toxicologists are integrative (studying the mixture as a whole), dissective (dissecting a mixture to determine causative constituents), and synthetic (studying interactions between agents in simple combinations). Toxicology provides information on potential hazards, mechanisms by which mixture constituents interact to cause effects, and exposure dose-effect relationships; but extrapolation from laboratory data to quantitative human health risks is problematic. Toxicological, clinical, and epidemiological approaches are complementary but are seldom coordinated. Fostering synergistic interactions among the disciplines in studying the risks from mixtures could be advantageous. -Environ Health Perspect 101 (Suppl 4): 155-165 (1993).
Introduction
There is a considerable body of literature on the toxicology of mixtures; however, our understanding of the significance of exposures to compounds in mixtures, in contrast to single exposures, is sparse. To date, toxicology has remained primarily the science of individual poisons, even though people are rarely, if ever, affected by single agents in isolation from other agents that might influence risk. Toxicological studies of mixtures inherently are difficult, and the science of studying mixtures is not refined or codified highly. Understanding risks from simultaneous or sequential exposures to multiple agents, particularly at low levels of exposure, is the single greatest challenge to toxicologists today. This paper is perspective in nature and constitutes a summary review of the role of toxicology in understanding the health effects of human exposures to mixtures of toxic chemical and physical agents. As used here, the term toxicology refers to laboratory investigations that do not involve human subjects but involve in vitro and in vivo (5) , and molecular mechanisms of smoke-induced mutagenesis (6) .
The full range of in vitro and in vivo toxicological assays has been used to study tobacco smoke, including aerosol characterization, analytical chemistry, dosimetry, metabolism, mutagenesis, teratogenesis, lung defenses, physiology, and long-term and acute inhalation bioassays. Nearly all past research on tobacco smoke was done using mainstream smoke; relatively little information has been published on sidestream or environmental tobacco smoke (ETS).
It is instructional to consider the history of cigarette smoke toxicology in view of the present thrust to examine the health effects of mixtures, particularly ETS. That history will not be recounted in detail; suffice it to state that despite the hundreds of studies over five decades and the clear epidemiological signal for a range of adverse effects, the specific components of smoke causing the effects, the precise mechanism of the effects, and the reason for marked individual differences in (8) and followed in 1965 by the initiation of long-term exposures of dogs (9) . The dog studies also included groups exposed to raw, irradiated exhaust and mixtures of sulfur dioxide and sulfuric acid. Mild changes in respiratory function were observed in physiological parameters during the 5-year exposures (9), and both physiological and histopathological changes indicative of chronic, terminal airway and centriacinar disease were observed after the exposures (10, 11) . This study is unique in that it is the only substantive long-term study of dogs exposed to inhaled nonradioactive toxicants, and it demonstrated the persistence of exhaust-induced lesions at 3 years after exposures ended.
More recently, studies at two laboratories of rats and hamsters exposed chronically to diesel engine exhaust also induded groups exposed to gasoline engine exhaust. Neither laboratory published the results from gasoline exhaust exposures in detail. Results from a study of mice, hamsters, and rats exposed for 2 years to gasoline exhaust at the Fraunhofer Institute were presented in part in 1985 at an annual meetng ofthe American Association for Aerosol Research. Results from a study of rats and hamsters exposed for 2 years to gasoline exhaust at the Battelle-Geneva laboratory were described partially in two publications (12, 13 (14) , rats were treated with dipentylnitrosamine to induce a high background incidence of respiratory tract tumors and also were exposed chronically to gasoline exhaust. Exhaust exposure reduced the nitrosamine-induced lung tumor incidence but increased the incidence of nasal tumors.
Diesel exhaust is undoubtedly the complex mixture receiving the most intense toxicological study, surpassing even tobacco smoke in the number of funding sources and research institutions committing major efforts to the evaluation of potential health effects of occupational and environmental exposures (15) (16) (17) It is worth noting that the diesel exhaust research effort also has included the only major studies of the toxicology of combined exposures to mineral dusts and exhaust, perhaps the most complex mixtures studied to date. The NIOSH study (18) Bils' 1966 study (20) in which mice of different ages were exposed to ambient Los Angeles air during pollution alerts.
One step removed from studying actual ambient air pollution is the study of synthetic pollutant mixtures generated by reacting selected compounds. An early example of this approach is Bils' 1967 study (21) in which he exposed mice to synthetic smog produced by reacting propylene, nitric oxide, and carbon monoxide under ultraviolet radiation. A more recent example is the effort at the University of California, Irvine Air Pollution Health Effects Laboratory, involving exposures of animals at rest and during exercise to mixtures generated by reacting various combinations of ozone, sulfur dioxide, nitrogen dioxide, sulfuric acid, ammonium bisulfate, and ferric oxide (22, 23) .
The third approach used to study air pollution mixtures is the study of the effects of two representative air pollutant constituents administered alone and in combination. The most extensive database is comprised of studies addressing interactions between oxidant gases and acid aerosols. As reviewed in 1990 by Last (24) , synergy was reported between the oxidants ozone and nitrogen dioxide and between acid aerosols in collagen synthesis and inflammation in rats exposed to the agents singly or in combination. Kleinman et al. (22) [6] or A+ A+ B+ B.
[7]
Antagonism occurs when the effect of two or more agents given together is less than the sum of the effects of the agents given singly, as in 1 =A,2=A:1 +2=A,a,O, [8] in which the lowercase letter represents an effect qualitatively identical to but of a lesser magnitude than the effect represented by the uppercase letter (i.e., a < A < A + A), and 0 represents no effect. In parallel to the different cases of synergism shown above, antagonism also could occur if one agent has no effect when given alone, or if the two agents have different effects when given alone, as in [4] 1 =A,2=0:1 +2=a,orO, [9] 1 =A,2=B:1 +2=a+ b,a, b, orO. [10] Under the controlled conditions of toxicological studies, it is theoretically possible (and often practical) to Toxicologists frequently incorporate analytical chemistry into their studies to characterize both exposure materials and biological samples. Extensive analytical capability also is used in concert with biological response systems in an interactive, decision-making mode to determine the constituent of a mixture responsible for an effect. The terms biodirected fractionation or bioassay-directed fractionation often are used for this approach. Biodirected fractionation has been used to determine the active agents in several mixtures, an early example being the use of the mouse skin carcinogenesis assay to determine the tumor-initiating fractions of cigarette smoke condensate (37) . More recent examples are the use of short-term mutagenicity and cellular transformation assays to determine the mutagenic constituents of cigarette smoke (38) and diesel soot extract (39) .
Basic Experimental Designs. There are three fundamental approaches to the toxicological study of mixtures. Although several terms are used for these approaches, the terms integrative, dissection, and synthetic will be used here. Toxicological studies of diesel exhaust will be used to illustrate the differences among these approaches and how they are interrelated.
The Integrative Approach. The integrative approach involves exposure of test systems to the intact mixture and conducting exposure-response studies to evaluate the nature and magnitude of the hazard associated with exposure. This is often the initial experimental approach to the study of mixtures of a generic nature, such as the real-life mixtures tobacco smoke and diesel exhaust, or representative mixtures, such as the 25-ompound mixture ofwater contaminants studied in the NIEHS program. This is the type of toxicological study most related to epidemiology, and it is often used in clinical studies as well. The exposure regimen and biological end points used by toxicologists might be generalized and exploratory in nature if there is little advance knowledge of the hazard, or they might be narrowly targeted if particular hazards are recognized or suspected in advance. These studies are often observational or phenomenological in nature, but they also can be carefully targeted to test specific hypotheses. In addition, the observational studies are not superficial; they can provide a great deal of detailed information if properly designed. Good examples of integrative studies are the several long-term studies of the carcinogenicity of diesel exhaust [recently reviewed by Mauderly (18) ]. Some of these studies also provided detailed information on a range of noncancer effects, such as that conducted at the Inhalation Toxicology Research Institute, which provided detailed information on dosimetry and particle clearance (40) , inflammatory responses (41) , effects on immune responses in lymph nodes (42) , lung structure-respiratory function correlates (43) , and adduction of lung DNA (44) , as well as carcinogenesis (45 In the dissection approach, the mixture is separated into individual constituents or families of constituents, which are then tested for biological activity. Biodirected fractionation is a case of the dissection approach in which a mixture is separated progressively into fractions containing fewer and fewer constituents, and each fraction is tested in a biological response system in an iterative manner (1) . The fractionation is biodirected in the sense that the biological response indicates which fraction to pursue in subsequent iterations. Although the implementation is not always easy, the approach is a conceptually straightforward method for identifying the cause of the biological activity.
In the case of diesel exhaust, studies employing the dissection approach actually preceded and led to the flurry of recent integrative studies. The dissection studies began with the finding of Kotin et al. in 1955 (46) that solvent extracts of diesel soot were carcinogenic to mouse skin. Two decades later, EPA investigators found that the extracts were mutagenic to bacteria (47) . Biodirected fractionation was used extensively to locate the primary source of mutagenic activity in diesel exhaust in the aromatic hydrocarbon fraction of the sootassociated organic compounds (48) and resulted in a focusing of attention on the nitropolycyclic aromatic compounds (49) . Biodirected fractionation does not always involve in vitro test systems and short-term assays. On a larger scale, but identical in philosophy, biodirected fractionation using long-term animal exposures was employed by the Fraunhofer Institute (50) to determine that the pulmonary carcinogenicity of diesel exhaust was associated with the soot fraction rather than the gas-vapor fraction.
Similarly, long-term animal exposures were used recently at the Inhalation Toxicology Research Institute to determine that the organic fraction of diesel soot is not required for the effect (51) .
The Synthetic Approach. In the synthetic approach, the toxicologist begins with simple, laboratory-synthesized mixtures of compounds or agents, and usually compares the effects of the mixture to the effects of the individual constituents. This approach is used to study interactions between specific agents, to study combined effects using simple systems, and to identify constituents responsible for effects by studying them in a sequential, additive manner. The goal is to gain an understanding of causal interactions among agents by studying a small number of constituents in a stepwise manner. These studies usually begin with two agents and sometimes use increasingly complex combinations of agents to work toward an understanding of the causative agents, or mechanisms, of the effects of the complete mixture to which humans are exposed.
The synthetic approach sometimes takes the form of a matrix study, in which the combined effects of two agents in a range of concentrations are explored in a series of experimental cells. An exposure-matrix approach to studying interactions between two agents, A and B, each at two concentrations, or doses, is shown in (36) . The matrix approach can be simplified by using single-dose levels or by studying only a few of the cells of a matrix involving more than two agents, as exemplified respectively by the studies of oxidants and aerosols by Last (58) .
The issue of susceptibility to infection can be addressed by both in vivo animal studies and in vitro cellular studies, such as the phagocytosis and killing of microorganisms by pulmonary macrophages. There is substantial literature on the effects of inhaled pollutants on the susceptibility of animals, particularly rodents, to infection with bacteria, but there have been fewer studies using viruses. The effects of oxidants in these models were reviewed in 1989 by Frampton and Roberts (59) . Because viral infections of children are the concern, infectivity models using viruses would be more relevant than those using bacteria. Influenza viruses have been used most frequently as models for studying pulmonary defenses against viruses (59, 60 (22) and Mautz et al. (23) at the University of Califomia, Irvine, have studied the interactive effects of ozone and NO2 with acid sulfates on respiration, lung surfactant, pulmonary histopathology, and cell proliferation in the respiratory tracts of rats. Last (24) Cultured cells can be exposed to radon, or the alpha particle irradiation from radon progeny can be simulated by irradiation from other sources. As an example, Thomassen et experience has not yet been accumulated or identified. This also is important, however, for exploring risks from mixtures to which humans have been exposed but for which the effects cannot be strictly identified as having resulted from the particular exposure of concern.
Second, toxicology provides a means of determining the causal constituent among components of a mixture shown to cause an adverse effect. In some cases, this also might be possible in clinical studies but is never possible in epidemiological studies.
Third, toxicology provides a means of determining the mechanism by which an effect occurs. This includes determining interactions among mixture constituents that are responsible for the effect, the toxicokinetics resulting in the dose of the critical agent to the critical biological site, and the mechanism by which the adverse effect results from the critical exposure. In rare situations, the mechanism of response might be determined in clinical studies, but is beyond the capabilities of epidemiology.
Fourth, toxicology provides a means of exploring, in a precise, stepwise manner, the existence and nature of adverse effects resulting from exposures to multiple agents, ranging from simple combinations of two agents to chemically and physically complex mixtures. Again, this might be done to some extent in clinical studies but not by epidemiology.
On the other hand, using its nonhuman test systems, toxicology alone can seldom provide accurate estimates of human health risk from exposure to mixtures. The qualitative extrapolation from nonhuman test systems to man is often satisfactory and is strengthened by developing an understanding that the same basic biological mechanisms are operative in the test systems and humans. However, the quantitative extrapolation of exposure-effects data from nonhuman test systems to man is difficult typically and often impossible to accomplish with a high degree of confidence. Not only are humans a different species than those used in laboratory studies, but they also live in an environment that is much more complex than the experimental setting. For some nondestructive, readily measured end points, clinical studies can serve as an extrapolation bridge between toxicology and epidemiology.
Toxicology is an important predictive and dissective science that complements the observational science of epidemiology. It is just as impossible to fully duplicate the human environment in the laboratory as it is to exert experimental control over human exposures in the environment. There is a greater potential for using experimental exposures of humans as an extrapolation bridge between toxicology and epidemiology than has been exploited in the past. Animals certainly can be exposed in any pattern to any experimental atmosphere to which human subjects can be exposed, and there is good potential for simultaneous exposures of humans and animals in the same chambers. This constitutes an area for exploration.
Coordination of complementary research using toxicological, dinical study, and epidemiological approaches is a worthwhile and reasonably achievable goal that has received little attention. Research sponsors could give emphasis to fostering such coordination, and researchers in the three disciplines should make greater efforts to reach out toward each other. Many research sponsors fund work in two or all three disciplines, but there has been little effort to actually coordinate how issues are addressed by the disciplines. Few 
